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SUMMARY 

Friction and heat-dissipation data are presented for 
use in determining the 1 oad- carryi ng capacity of 2- "by 1:|- 
inch "bearings vjith the following t^T-pes of lining: copper- 
lead, lead-indium-coat ed silver, and lead-coated copper-lead. 
The tests were made in a four-bearing friction machine and 
covered operation with three clearances using three oils of 
different viscosity at three oil-inlet temperatures. 

Values are computed to indicate the safe loads at vari- 
ous speeds for 'hearings lined i/ith each of the three types of 
material. The data are presented in the form of charts con- 
venient for ohtaining relative safe-load values that may be 
used in estimating the effects of viscosity grade, viscosity 
index, oil-inlet temperature, hearing clearance, and bearing 
metal on the performance of aircraf t-enii^ine bearings in 
actual 'service. 

The results indicate that both lead-indium-coated silver 
and lead-coated CQT)per-lead bearings have greater load-carry- 
ing capacity than copper-lead bearings. 

/ 

INTRODUCTION 



Analysis of the action of a journal bearing indicates 
that from the standpoint of lubrication the performance of a 
bearing is dependent upon the generalized operating variable 
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ZF/P, v;hore Z is the absolute viscosity of the oil in the 
"bearing, IT is the speed of the Journal, and P is the 
pressure on the projected area of tha bearing. The perform-- 
ance of a bearing is also dependent upon its ability to dis- 
sipate heat. When the other factors remain constant, a rise 
in temperature in a bearing increases the rate of heat dis- 
sipation. The effect of a rise in temperature upon the rate 
of heat generation in a bearing, however, depends upon the 
conditions of operation. Bearing friction decreases v;ith a 
rise in temperature at the high values of Z!T/P and increases 
at lov; values. Consequently, if other factors are unchanged, 
the rate of heat generation also changes in the same manner. 
Accordingly, the bearing can reach a steady state of tempera- 
ture distribution at high ZN/P values; hence this region of 
operation has been called the region of stable lubrication. 
At lov; values of Zil/P the increase in friction for a tem- 
perature rise becomes greater proportionally than the increase 
in the rate of heat dissipation by the bearing. Under these 
conditions the bearings cannot reach a steady state, hence 
the name "region of unstable lubrication." 

This fundamental concept of a steady state for bearing 
operation is used as a basis for the work covered by this 
paper. The question of a steady state of tem-oerature dis- 
tribution has been discussed in a nu:.iber of publications. 
(See reference 1.) An analytical treatment pertinent to the 
work in this paper is given in reference 2. Friction and 
heat-dissipation data were obtained over a wide range of con- 
ditions involving changes in operational and design factors. 
Data v.rere also obtained at low ZIT/P values pertinent to the 
determination of the limiting value of ZIT/P for safe opera- 
tion with each of three types of bearing materials. From 
these data computations of load-carrying capacity are made 
and are presented in the form of charts convenient for use in 
G^uant it at ive estimates of bearing performance. Thus the rel- 
ative effects of changes in the various operational and de- 
sign factors on the Derformance of bearings of other sises in 
actual service can be evaluated. 

These tests are part of a research program on lubrication 
of aircraft-engine bearings being carried out by the llational 
Bureau of Standards with the financial assistance of the 
National Advisory Committee for Aeronautics. 
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ZF/P, v/hore Z is the absoluto viscosity of the oil in the 
"bearing, H is the speed of the journal, and P is the 
pressure on the projected area of the hearing. The perform- 
ance of a hearing is also dependent upon its aoility to dis- 
sipate heat. When the other factors remain constant, a rise 
in temperature in a "bearing increases the rate of heat dis- 
sipation. The effect of a rise in temperature upon the rate 
of heat generation in a hearing, however, depends upon the 
conditions of operation. Bearing friction decreases with a 
rise in temperature at the high values of ZIT/P and increases 
at lov/ values. Consequently, if other factors are unchanged, 
the rate of heat generation also changes in the same manner. 
Accordingly, the hearing can reach a steady state of tempera- 
ture distrihution at high ZlT/P values; hence this region of 
operation has heen called the region of stahle lubrication. 
At low values of Z5T/P the increase in friction for a tem- 
perature rise becomes greater proportionally than the increase 
in the rate of heat dissipation by the bearing. Under these 
conditions the bearings cannot reach a steady state, hence 
the na:::e "region of unstable lubrication." 

This fundamental concept of a steady state for bearing 
opei^ation is used as a basis for the vrork covered by this 
paper. The question of a steady state of temperature dis- 
tribution has been discussed in a number of publications. 
(See reference 1.) An analytical treatment pertinent to the 
work in this paper is given in reference 2. Friction and 
heat-dissipation data v/ere obtained over a wide range of con- 
ditions involving changes in operational and design factors. 
Data were also obtained at low ZlT/P values pertinent to the 
determination of the limiting value of Zll/P for safe opera- 
tion v/ith each of three types of bearing materials. From 
these data computations of load-carrying capacity are made 
and are presented in the form of charts convenient for use in 
quantitative estimates of bearing performance. Thus the rel- 
ative effects of changes in the various operational and de- 
sign factors on the performance of bearings of other sizes in 
actual service can be evaluated. 

These tests are part of a research program on lubrication 
of aircraft-engine bearings being carried out by the National 
Bureau of Standards with the financial assistance of the 
National Advisory Committee for Aeronautics. 
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APPARATUS 
!?our-3earing Friction Machine 



Photos*raphs of the f our^-bear ing friction machine and 
parts used in this i nve st i £:at i on are given in figures 1 and 
2. The machine consists essentially of four test bearin,5;s 
mounted on a common shaft. The bearings used in these tests 
were solid steel sleeves lined vith thin layers of the bear- 
ing metals. They are mounted in self-alining ball-bearing 
swivels which are prevented from rotating by flat spring 
torque absor^bers. The two outside bearings are mounted di- 
rectly in the ends of the bearing housing. The two inner 
bearings are mounted in plates sliding in guides. Load is 
applied equally to the two inner bearings from a hydraulic 
jack at the base of the housing through two Jack plungers. 
The reaction from this load is taken by the two outer bear- 
ings and; since the bearings are symmetrically spaced, all 
are equally loaded. 

The complete housing floats on the horizontal test shaft 
and hence acts as a cradle dynamometer. The frictional 
torque is measured by a direct-reading torque indicator con- 
tacting a torque arm mounted on the housing. The torque in- 
dicator used in most of these tests consists of a small dia- 
phragm jack and pressure gage. In later tests this indicator 
was replaced by a dynamometer scale. For torque measurements 
greater than the capacity of indicator or scale, weights are 
added to a pan suspended from the torque arm. Stops are pro- 
vided to limit the motion of the torque arm. 

The use of a flexible diaphragm (synthetic rubber) in 
the hydraulic jack prevents leakage. This permits the use of 
a hand-operated injector v/hich can be set to maintain a con- 
stant load. An automatic load release in the hydraulic load- 
ing system releases the pressure in the jack v/hen the fric- 
tional torque gets too high under conditions where the bear- 
ings are approaching seizure. 

Cil is fed to the bearings through the drilled test 
shaft with two oil holes at the axial center of each bearing. 
Oil-food pressure is maintained by a motor-driven gear pump 
with a relief valvo for pressure control. 

Bearing temperatures are measured by thermocouples 
mounted on the loaded sides of the bearings. 
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Sha.fts and Bearings 

The shafts used in these tests were n^ac of crankshaft 
steel conforming to Pratt & Whitney Aircraft specification 
190. 

Three types of hearing material were used. Bearing 
sets la, lb, and Ic had copper-lead lininK;;? conforming tq 
Pratt & Whitney Aircraft specification 121. Set 2a had sil-. 
ver linings coated with a 0.0015~inch thickness of lead 
which was treated with indium, and set 3a was lined with 
lead- coat ed copper- lead » 

T'he essential diisaensions of hearings and shaft are as 
f 0 1 1 o V7 s : 



Bearir^g set 



la 



ll3 



Ic 



2a 



Length of bearings, L 
Av. diam. of hearings, 
Av. diam. of shaft at 
Journals, D, in. 
Av, clearance, C, in 
Clearance diani. ratio, 
Length diam. ratio, L/D 



in 



in , 



C/D 



1,275 1.275 1.275 1.275 1.275 

2.0574 2.0593 2.0616 2.0585 2.0583 

2.0556 2.0556 2.0555 2. 0542 2.0542 

0.0018 0.0057 0.0060 0.0043 0.0041 

0.0009 0.0018 0.0029 0.0021 0.0020 

0.620 0.620 0.620 0.621 0.621 



Luhr i cant s 



The lubricants used were a Pennsylvania oil (:T3S labora- 
tory reference ITo . J3-120), a llavy contract 1080 oil, and an 
SAS 20 motor oil. The viscosity data for these oils are as 



follows: 



Vi SCO si ty 



Saybolt Univ ers al se conds Cent i st oke s 
Lubricant IQO^ ^ 210^ ? 100^ J 210^ I 



NBS reference J5-120 1766 124.4 382.3 26.04 

Favy contract 1030 731 77.5 159.1 14.95 

^0 S71 53.6 80.2 9.32 
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TEST EUITS 
Heat-Dissipation Tests 

In the heat ~di s sipat i on tests the bearings were operated 
in the region of stable lubrication at the higher val-'aes of 
ZDT/P. Test runs were made at constant speeds and at a number 
of constant loads which v/ere successively increased during 
each test run. The data v.^ere obtained with the apparatus 
thoroughly "warmed up" and with the bearings in a steady 
state of temperature distribution. The range of conditions 
covered in the heat -di s sipat i on tests with each set of bear- 
ings is as follows: 



OPSEATIHO CONDITIONS TOR HEAT-DISSIPATIOIT Tj3STS 



Searing set 


la 


lb 


Ic 


2 a 


3a 


Oil used 


J3-120 


J3-120 


J3-12C 


J3-120 


J3-120 


1080 


1080 


1080 


1030 






SA3 20 


SAB 20 




PAS PO 




Speed, IT, 


2000 


2000 


20 00 


2000 


2000 


rpm 


and 


and 


and 


and 


and 




3 000 


3 COO 


3 000 


3000 


2000 


Pressure on projected 


7 25 


725 


725 


725 


725 


area of bearings, 


to 


t 0 


to 


to 


to 


P, Ib/sq in. 


2239 


4057 


4332 


2970 


4332 


Av . oil-feed pressure 












p, Ib/sq in. 


3 7 


35 


34 


35 


36 


Oil-inlet temperature, 


150 


150 


150 


150 


150 


Oj, 


200 


200 


200 


200 






250 


250 


250 


250 


250 


Bearing t emjjeratur e , 


224 


184 


170 


174 


203 




t 0 


to 


to 


to 


to 




343 


3 22 


29 7 


306 


334 


Case temperature, 


174 


155 


14S 


158 


167 


Oji 


t 0 


to 


t 0 


to 


t 0 


247 


260 


253 


253 


263 


Av . room temperature, 












Of 


35 


79 


79 


84 


82 
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Some tests also were made at various oil- feed pressures 
using the Kavy contract 1G80 oil at 200^ F oil-inlet temper- 
ature and a jour nal • sioeed of 2000 rpm. These tests include 
oporation x^-ith "bearing sot la at oil-feed pressures of 37 
and 105 pounds per square inch, set lb at 15, 35, 57, and 
103 pounds per square inch, and set Ic at 15, 34, and 97 
pounds per square inch. 



Friction Test?^ at Low ZIJ/P 

In the tests to det er.iii;-:e tho effects of the hearing 
material upon the frictlonal characteristics of the "bearings, 
particular attention was given to operation at lov; values of 
SiT/P in the region of unstable lubrication. These tests 
were :.:ade on bearing sots lb, 2a, and 3a - all of which had 
approximately the same C/D ratios. The test runs were made 
at a constant speed of 2000 rpm and at a number of loads 
which were successively increased during each test run. All 
the tests were run with the same oil, the same oil-inlet 
temperature, and about the same oil-feed pressure. The en- 
tire apparatus was thoroughly warmed up before each tost. 
The tests were made with the bearings in a "run-in" condition. 
Three consecutive runs covering the complete load range were 
made with each set of bearings. The operating conditions 
wore as follows: 



op:e:3ati!ig cc^tsitioits for tests at low zh/p 



Bearing set 


lb 


2a 


3a 


Oil used 


J3-120 


J3-120 


J3-120 


Speed, IT, rpm 


2000 


2000 


2000 


Pressure on projected 
area of bearings, 
p. 11)/ sq in. 


971 

t 0 

5144 


971 

t 0 

7055 


971 

t 0 

7055 


Av , oil-feed pi'^essura 
p , 1 0 / s q in. 


34 


32 


33 


Oil-inlet t eni- er atur e , 

Op 


250 


250 


250 


Eearing; t enperatur e , 

Op 


27S 

t 0 

517 


276 
to 
349 


275 
to 
360 


Case temp a r a t ur e , 
Op 


218 

t 0 

243 


223 
to 
272 


216 

t 0 

2S6 


Av. room t emxieratMr e , 

Op 


82 


83 


84 
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DISCUSSION 0? RESULTS 
Heat-Dissipation Characteristics 



The data ohtained in the heat -di s sipa t i on tests with 
"beariny^ set la ( c opper -1 ead , C/D = 0.0009 ) are given in 
figure 3. These data cover operation with the three grades 
of oil at three oil-inlet t em-per atur e s , at various loads, 
and at tvo Journal speeds. In this figure H", the rate of 
heat dissipation for the four hearings in inch-pounds per 
minute (used instead of the conventional Btu/min), is plot- 
ted against ATa , the average rise in temperature in degrees 
Fahrenheit of tne hearings ahove the amhient. These tests 
were run under conditions of a steady state of temperature 
di str ihut ion; hence the values of E» were obtained from 
observations of frictional toraue. 

Similar data for hearing sets Ih ( c OTDper-lead , 
C/D = 0.0018), Ic (copper-lead, C/D = 0.0029), and 2a(lead^ 
indium-coated silver, C/D = 0.0021) are shown in figures 4, 
5, and 6, respectively. The tests with set 3a (lead-coated 
coioper-load, C/D = 0.0020) were confined to runs with the 
J3-120 oil at oil-inlet temperatures of 150^ F and 250^ P. 
These data are shown in figuro 7. 

The heat^di ssipation data for sets la, Ih, and Ic when 
operating at 2000 rpm using the Navy contract 1080 oil at 
200 F oil-inlet temperature and at various oil-feed -oros- 
suros aro^given in figure 8. In this figure the hearing set 
and the oil-feed loressure are indicated for each curve. 

The rate of heat removal hy the oil flowing through the 
machine for typical conditions with hearing sets la, Ih, and 
Ic are shown by the dotted curves in figure 9. The curves 
were obtained from data on the rate of flow of the oil, the 
temperature difference between the oil entering the end of 
the shaft and the oil leaving the case, and the specific heat 
of the particular oil used. The solid curves in this figure 
represent the total rate of heat dissipation as determined by 
the torque measurements. 

Analysis of the data given in figures 3 to 9 indicates 
that with forced-feed lubrication under the conditions cov- 
ered by these tests much of the heat generated in the bear- 
ings is carried away by the oil; hence their operating tem- 
peratures are influenced greatly by the tem-oerature of the 
entering oil and factors affecting oil flow". 
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The genoral char s.ct or i st i c s for a given temperature rise 
above the ambient are as follows: 

(a) The rate of heat di s sipa.t i on increases vith a de- 
crease in viscosity grade (indicated in figs, o to 6). 

(b) The rate of heat dissipation increases with a de- 
crease in oil-inlet temperature (indicated in figs. 3 to 7). 

(c) The rate of heat dissipation increases with an in- 
creasG in oil-feed pressure (indicated in fig. 8). 

(d) The rr?,te of heat dissipation increases i\rith an in- 
crease in clearance (indicated by comparison of curves for 
same oil and oil-inlet t emiDer atur e in figs. 3, 4, and 5). 

The effect of different bearing metals upon the heat- 
dissipa,tion characteristics of the bearings is relatively 
small (indicated by a co^iparison of curves in figs, 4, 6, 
and 7). Some of the differences shown can be attributed to 
the differences in clearance between the three sets of bear- 
ings. &raphical interpolation of the data given in figures 
3, 4, and 5 provides a means for correcting the curves in 
figures 5 and 7 so that they are representative of the same 
clearance (0.0057 in.) as the curves in figure 4. The cor- 
rected curves indicate that under the same conditions the 
rate of heat dissipation of the copper-lead bearings and the 
lead-coated copper-lead bearings was about the same and 
slightly less than of the lead-indium-coated silver bearings. 

Prictional Characteristics in the Region of 

Unstable Lubr icati on 

The data obtained in the tests of the co-oper-lead bear- 
ings (set lb, C/D = 0.0018), the lead-indium-coated silver 
bearings (set 2a, C/D = 0,0021), and the lead-coated cop-per- 
lead bearings (set 3a, C/D = 0.0020} when operating at the 
lower values of ZN/P in the region of unstable lubrication 
are shown in figure 10, where f, the coefficient of fric- 
tion, is plotted against ZN/P, where Z is in centipoises, 
N in revolutions per minute, and P in pounds per square 
inch. 

One of the chief difficulties in obtaining representa- 
tive data in the region of unstable lubrication is that in 
this region of operation, frequently the frictional charac- 
teristics of a bearing are not constant. This is especially 
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true vjhen operating at the high leads, speeds, and operating 
temperatures used in these tests. Under some conditions the 
bearing is improved with operation while at others it is im^ 
paired. This was found to ^be especially characteristic of 
the copper-lead hearings. From this consideration, the 
curves in figure 10 were chosen as "being reasonably repre- 
sentative of the average performance of the respective hear- 
ings (in the run-in condition) under the test conditions. 
In these test runs, precautions v.^ere taken to control, as 
far as possible, all variables except the bearing metal. 
All three sets of bearings had approximately the same clear- 
ance and were run at the same speed with the same oil at the 
same oil-inlet temperature and about the same oil-feed pres- 
sur e . 



The friction data obtained i 
also in figure 11. In this figur 
at a given load with a given set 
against P, the pressure on the 
ing. These curves provide an ind 
capacity of the bearings, since t 
resents approximately the maximum 
tive bearings will operate in the 
tion under the given conditions w 



n these tests are shown 
e the values of f obtained 
of bearings are plotted 
projected area of the bsar- 
ication of the 1 oad- car r y ing 
he load at minimum f rep- 
load at which the respect- 
region of stable lubrica- 
ith the given lubricant. 



The data shown in figures 10 and 11 indicate that the 
lead-indium-coated silver bearings had a relatively higher 
friction. However, the 1 oad- car ryi ng ca'oacitv of these bear- 
ings was about equal to that of the lead-coated C0T)per-lead 
bearings, and markedly higher than that of the coT)^)er-lead 
bearings . 



COMPUTATIONS OF LOAD- CaRHYIMG CAPACITY 



The data in figure 11 provide an indication of the safe 
loads for the three sets of bearings tested when operating at 
tne given speed using the particular oil, oil-inlet temiDera- 
ture, and oil-feed pressure. The computed 1 oad-car r vi n^ 
capacities of all five sets of bearings when operating at 
different speeds using different oils, oil-inlet t emx)er atur e s , 
and oil-feed pressures are given in figures 12 to 17 : (The 
method used in making these safe-load c om-out at i ons is de- 
scribed in detail in reference 2.) Each curve in these fig- 
ures represents the limits of safe "prf^ssure P for the ^^ar*? 
ous values of the speed ^7 when using the designated bear-^ 
mgs, oil, oil-inlet t emT^erat ur e , and oil-feed pressure 
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The computations are based on the heat -d i s s i pa t i on data given 
in figures 3 to 8, the vi sc o si t y-t em-oer atur e characteristics 
of the oils used, the ambient temperature, and the limits of 
safe Ojperation as indicated "by the point of m.inimum f in 
the curve of f plotted against Zll/P for the "bearings. 

The limits for safe o-oeration used in these computations 
were obtained from the curves in figure 10. The values used 
for the copper-lead bearings are ZIl/P = 3.0 and minim.um 
f = 0.00135; for the lead-indium- coat ed silver bearings 
ZN/P = 1.? and minimum f = 0.00160; and for the lead- 
coated copper-lead bearings ZIT/P = 1,7 and minimum 
f = 0.00140. The c omr)ut at i on s for the lead- indium- coat ed 
silver bearings are based upon the heat -di s s ipat i on-t emper a- 
ture relations shown in figure 5 with the corrections (pre- 
viously mentioned) applied so that they are representative 
of bearings having a clearance of 0.0057 inch (clearance- 
diameter ratio = 0.0018). The heat -di s sipat i on curves for 
the lead-coated copper-lead bearings v;hen corrected for clear- 
ance were practically the same as corresponding curves for 
the copper-lead bearings; hence the safe-load computations 
for the lead-coated copper-].ead bearings are based on the 
heat-dissipation curves in figure 4. Computations for all 
sets of bearings v/ere based on an assumed ambient temperature 
of So"^ P. 

Analysis of the curves given in figures 12 to 17 indi- 
cates that, all other factors remaining unchanged, the load- 
carrying capacity of the bearings is increased by an increase 
in viscosity grade, is decreased by an increase in oil-inlet 
temperature, is increased by an increase in oil-feed pressure, 
and is increased by an increa.se in clearance. Com.parison of 
the curves for the bearings of different metals indicates 
that over the range of conditions covered the lead-indium- 
coated silver and the lead-coated copper-lead bearings are 
about equal in 1 oad- carry ing capacity and both markedly supe- 
rior to the copper-lead bearings in this respect. 

SUMMAPY OP R3 SUITS 



Data, are presented showing the heat-dissipation charac- 
teristics of 2- by 1^-inch bearings operating in a four- 
bearing friction machine v/ith forced-feed lubrication at two 
speeds over a wide range of loads. These data show the in- 
fluence of such factors as viscosity grade, oil-inlet temper- 
ature, oil-feed pressure, bearing clearance, and bearing 
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hiatal . Friction data are r^lYen which provide a c otciX) ar i son 
of the load-carr-ing capacitj^ of 2- ov li-inch "bearings 
lined v/ith copper-lead, lead-indium-coat ed silver, and lead- 
coated copper-lead when each tyve was operated at the same 
speed with the same oil and oil-inlet temperature. From 
these data values of safe loads at various speeds are com- 
puted. These data show the effects of chancres in the vari- 
ous factors upon the 1 oad- car rying capacity of the hearings. 

Analysis of these data indicates the following effects 
of the individual variables (all others remaining: constant) 
upon the hearin^^: te.^peraturo and safe load for a hearing 
operating with foroed-foed lubrication at a constant speed: 



Change 



Effect on 
"bearing 
t emrieratur e^ 



Effect on 
computed safe 

pressure on 
projected area 



Increase pressure on 
projected area 

Increase vi scosity 
gr ade^ 

Increase oil-inlet 
t enper atur e 

In cr ease oil-feed 
pr e £ sure 

Increase clearance- 
diameter ratio 

Type of hearing 
metal 



Increase 
Increase 
Increase 
Decrease 

Eecr ease 

Negligibly 
small 



Increase 



Decrease 



Increase 



Increase 

Lead-indium silver and 
lead-coated copper-lead 
about the same; copper- 
lead markedly lower. 



^Based on data obtained when operating in the region of 
stable lubricat ion. 

^Involves changing to an oil of higher viscosity at all 
operating temperatures. 



National Bureau of Standards, 

I^ashin,',t on, I). C., .Ar.ril 5, 19 44. 
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APPENDIX 



SAPS^LOAD CHARTS 



In considering these data from the standpoint of appli- 
cation to iDearings under actual operating conditions, it is 
of interest to r:ake a comparison of the two cases. The ma- 
terials used in the shafts and "bearings were the same as 
those used in aircraft engines. The shaft diameter was 
smaller than most engine crankshafts "but it was of the same 
order of magnitude. The length-diameter ratio was within 
the range of engine "bearings and the clearance-diameter 
ratios covered the same range. The luhricants were typical 
for aviation engine oils and their viscosities covered ordi- 
nary usage. The method for feeding the oil to the "bearings 
(oil holes in shaft), the oil-feed pressures, and the oil- 
inlet temperatures also v/ere typical of engine operation. 

The major differences are in the types of loading and 
in the sources of heat. In the engine the loads vary in in- 
tensity and direction relative to the bearings v/hile in the 
laboratory machine the loads are constant both in intensity 
and direction relative to the bearings. In the engine the 
operating temperatures are influenced by heat from the cyl- 
inders; hence from this standpoint, conditions may be more 
severe in the engine. However, the temperatures observed 
v;ith the laboratory machine cover the range of probable en- 
gine bearing operating t em-oerat ur e s . The engine bearings 
are subject to ir.pact and vibrational loads which are rela- 
tively small in the laboratory machine. In one respect, 
however, conditions in the laboratory machine may be more 
severe. In the laboratory machine one portion of the bear- 
ing is constantly under high stress, while in the engine a 
given portion of the bearing is under high stress only at 
certain positions in a cycle. Also, in the laboratory ma- 
chine an oil film is maintained in the bearings only by the 
mechanism of the v/edging action, while in the engine the 
load tends to force the shaft and bearing together at vari- 
ous points where the surfaces are already well coated with 
oil. Other factors, not taken into account by the laboratory 
machine, are the fatigue characteristics of the bearing metals, 
misalinement and distortion, and contamination of the oil. 

Because of these differences it vrould not be expected 
that the numerical results obtained in the laboratory machine 
would be directly aTDplicable to full-scale engine operation. 
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On the other hand, relative differences shoyn "by the la'oora- 
tory data should he of significance to performance in service 
and v/hen used in conjunction with service experience provide 
useful guides in practical prohlems relating to aircraft en- 
gine hearings. Accordingly the safe-load data are given in 
chart form convenient for this purpose. 

Charts Sho\\ring Safe Loads for Army and Navy Specification 

Oils at Various Oil-Inlet Temperatures 

Anal^y-sis of the data given in figures 12 to 16 indicates 
that for a given hearing operating at a given speed the safe 
load at a given oil-inlet temperature is a function of the 
viscosity of the oil at that temperature. Also when a given 
oil is used, the safe load is approximately a linear function 
of the oil-inlet temperature. From these relations the safe- 
load chart shown in figure 18 v/a s developed f or a 2- by 1^-- 
inch copper-lead hearing having a clearance-diameter ratio of 
0.0018 (which approximates the clearance-diameter ratios of 
typical aircraft engine bearings). In this figure the maxi- 
mum safe pressures (plotted as ordinates) are shown for this 
hearing v;hen operating at 2500 rpm using the designated 
grades of Army and Navy specification aviation oils at the 
various oil-inlet temperatures (plotted as ahscissas). The 
upper line for a designated grade represents the upper vis- 
cosity limit of that grade, vrhile the lower line represents 
the lower viscosity limit. Both limits are hased on a vis- 
cosity index of 100. 

Similar charts for the operation of lead-indium-coated 
silver and lead-coated copper-lead bearings operating at 
2500 rpm are shown in figures 19 and 20, respectively. 

While the absolute values shown in these figures are 
applicahle only to the particular conditions upon which the 
load-carrying capacity data are hased, the charts provide a 
means for estimating the relative effects of changes in vis- 
cosity grade and oil-inlet temperature on the load-carrying 
capacity of aircraft en^'^ine hearings in actual service. 

One example of a practical use for such a chart is given 
hy the hypothetical case which follows: 

Aircraft engine, normally operating at 2500 rpm using 
copper-lead hearings and Navy symbol 1100 oil. Service rec- 
ords indicate tliat there is little bearing trouhle if oil- 
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inlet t einperatur e is r.aintained iDelov; 220^ Horsepower of 

the engine is to be increased making the load on the bear- 
ings 15 percent greater. what grade of oil should be used 
and v/hat is the limiting oil-inlet temperature? 

From figure 13 it will be noted that the mean value of 
the safe load for a Navy symbol 1100 oil at 220^ ? oil-inlet 
temperature is about 4100 pounds per square inch. The new 
requirements are a 15- percent increase or about 4700 pounds 
per square inch. Aga.in referring to figure 13 it is seen 
that this load is approximately a mean value for a ITavy sym- 
bol 1100 oil at 165^ F oil-inlet temperature and for a 2!Tavy 
symbol 1120 oil at 190° F oil-inlet t em-oer atur e . The choice 
as to which of the oils could bo used to better advantage 
v/ould depend upon other factors such as cylinder wall and 
ring lubrication and cil-cooling capacity. While the final 
ansxver to this problem could be obtained only by service per- 
formance, these estimates should be useful as a guide in 
making the changes necessary. 

Charts for Let ermining Safe Loads for Oils of 

Eifferent Viscosity G-rade and Viscosity Index 

at Various Oil-Inlet Temperatures 

The charts given in figures 21, 22, and 23 are for gen- 
eral use with oils covering a wide range of viscosity index. 
These charts are based on the same relations as those in fig- 
ures 18, 19, and 20 and pertain to the same bearings (2- by 
If-inch copper-lead, lead-indium-coated silver, and lead- 
coated copper-lead, respectively) o-oerating at the same speed, 
2500 rpm» In these charts the safe pressures are plotted as 
ordinates and the oil-inlet temperatures as abscissas. At 
the left there is a composite scale consisting of four verti- 
cal scales for viscosity at 100° F in Saybolt seconds laid 
out on a horizontal scale for viscosity index (computed from 
relation of change in viscosity at given bearing temperatures 
with chetnge in viscosity index). A similar scale for Saybolt 
viscosities at 210° F is laid out at the right. 

To use these charts, plot on the composite scale at the 
left of the chart a point representing the viscosity of the 
oil at 100° P and the viscosity index of the oil. Plot a 
point representing the viscosity of the oil at 210° F and its 
viscosity index on the scale at the right of the chart. Draw 
a straight line between those two points. This line 
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represents approximately the limits of safe -oressure for this 
oil at the various oil-inlet temperatures. These charts are 
convenient for estimating the effects of changes in viscosity 
index on the lead-carrying capacity of the "bearings. This is 
illustrated in figure 21, where lines are plotted for two oils 
having the same viscosity at 210^ F (lOO sec) but with dif- 
ferent viscosity indices, 90 and 110, respectively. Jrom 
these lines it will he noted that under the conditions cov- 
ered an increase in viscosity index from 90 to 110 -orovided 
an increase in load-carrying capacity of ahout 4 percent at 
150^ P oil-inlet t e:n-oer atur e to about 7 percent at 250^ P 
oil-inlet temperature. 



Charts for reterm.ining Safe Loads for Bearings of 

Different Clearance Using Oils of Various 

Viscosity Orade at Various Oil-Inlet Temperatures 

A third type of chart may he used to estimate the ef- 
fects of changes in clearance when using various grades of 
oil at various oil-inlet temperatures. A chart of this type 
for use with 2- hy 1^— inch copper-lead hearings operating at 
2500 rpm is shown in figure 24. In this figure the safe-load 
scale is along the left herder and one for clearance-diameter 
ratios along the lower border. The right side of the chart 
contains a composite scale consisting of three vertical 
scales for kinematic viscosity laid out at 150^ x, 200^ IT, 
and 250^ respectively, on a horizontal scale for oil-inlet 
temperature. Those scales apr>ly to oils of aiOTDr oximat ely 
100 vip.cosity index. The shaded areas in this composite 
scale represent the various grades of Army and Navy specifi- 
cation oils of 100 viscosity index. The numbers in each 
are^ indicate the respective grade. 

In using this chart the viscosity of the oil at the par- 
ticular oil-inlet tem-oerature under consideration is plotted 
on the composite scale at the right. A straight line is then 
drawn "between this point and the bull^s-eye located near the 
lower left-hand cornor of the chart. This straight line will 
define approximately the limiting safe pressures for the 
clearance-diameter ratios indicated along the lower border 
when using the respective oil, oil-inlet temperature, and 
speed. 

Such a line for a Navy symbol 1100 oil (mean value) at 
200^ P oil-inlet temperature is shown in figure 24. This 
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line may "be used to indicate the effects of machining toler- 
ances on the perforinance of the hearings. ?or example, 
consider a 2-inch "bearing where the machining tolerances are 
such that the clearance may vary from G.003 inch to 0.005 
inch ( clearance-diamet er ratios of 0.0015 to 0.0025). lender 
the conditions represented "by the line in figure 24, the 
safe load at the large clearance is ahout 5000 pounds per 
so^uare inch v/hile with the small clearanc-3 the safe load is 
ahout 3800 pounds per square inch, which represents a reduc- 
tion of aoout 24 percent. VJhile these particular values are 
applicahle only to the conditions represented oy the lino in 
figure 22, changes of this r^agnitvLde would he expected v/ith 
service hearings for corresponding-: changes in clearance- 
diameter ratio. 



In this connection it should ho noted that these data 
are hascd solely upon the effects of C/D ratio Upon the 
heat dissipation of the hearing and do not take into account 
the effect of C/D ratio upon the point of minimum f in 
the curve of f plotted against Zl^T/P. Theoretical hydro- 
dynamic equations for hearings ^-^ith no end leakage indicate 
that the C/D ratio affects the minimu.m film thickness and 
hence ti-e load-carrying ca^oacit?;- of the hearings. During 
the course of this investigation friction data at low SIT/P 
were ohtained with hearings of different C/D ratio. These 
data, however, differ markedly from the theoretical oo^uations. 
The location of the point of minimum f varied somev/hat 
with different sets of hearings, but any trend with change in 
C/D ratio was sufficiently small to he hlanketed hy the ef- 
fects of differences in surface conditions or other factors* 
Further vjork is necessary to evaluate the effects of C/D 
ratio at low ZH/P. 

Similar charts for use with 2- hy ij-inch lead-indium- 
coated silver and lead-coated copper-lead hearings operating 
at 2500 rpn are given in figures 25 and 26, respectively. 
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Figure 1.- Photograph of friction machine inatallation. 




Figure 2.« Photograph of friction machine parts. 
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Bearing Temperature Rise (ATa),*?* 



rigure 3,..— Effect of viscosity grade and oll-lnlet temperature upon the heat- 
dissipation characteristics of 2^ x l-l/l*." copper-lead bearings, C/D = 0,0009. 




Bearing Temperature Rise (^Ta),®F 



figure Effect of viscosity ffrade and oil-inlet temperature upon the heat- 
dissipation ch^iracteristics of 2^ x l-lA" copper-lead bearings, C/D = 0.001 sT 





Bearing Temperature Rise (^Tg^) 



Figure 6. Effect of viscosity wade and oll-lniet temperature upon the heat- 

dltslpatlon characteristics of 2^ x l-l/V* lead-indlua coated silver bearings. 

C/D - 0.0021. 

. ^_ , J 
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Bearing Tenperatur* Ritt O^Ti(),*r 



Figurt 7,->-<-irf eot of oil*inltt tMp»ratur» upon tht htat-dittipatlM ebaraet^rittiet 
of 2* X Itad-ooattd •opptr-load biariagi, 0/D ■ 0.0020* 
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Bearing Teaperature Rise (ATa),*r 



Figure 9* Coaparieon between total heat dieslpation and 

reaoTal of heat by the oil flowing throuj^ the aaebine fop 
2" X 1-1/*^" ooppeivlead bearings using Hary contraot lOSO 
oil at 200*F oil-inlet te^ptrature. 





p. 1000 lb./lj|.2 

Flgur« U.— f-P TOT 2" z 1-1/M bMrii^ mt ^ttwmt 
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4>ood. (M), 1000 rpB. 



Figor* 12. Effect of Tiioeslty grtide and oll-lnl*t temperatup^C 

tzpon the oovptited safe load* for 2" x 1-1/^* copper-lead ^ 
bearing!, 0/D « 0«0009, at varloaa speeds. 




SpMd, (■). 1000 rpm. 



Figorc 13* Effaot of Tlsooaity grad« anA oil-inlet 

teBperatnre iqpon the ooBpnted eafe loede for 2' z l-iyi-" 
eoppex^lead bearings, C/L ■ 0.0010, at Tarloas apeeda* 





^eod, (I), 1000 rpa. 



Figure 15. Effect of TleooBltj grade and oil- inlet temperature 

upon the computed safe loads for 2" z 1-1/^" lead-lndlua coated 
silver bearings, C/D - 0.0016, at Tarlous speeds. 





W- 54 





W-34 




Flgurt 20. Chart for determining eafe loads for Army and S 

Nary Specification Oils at various oll-lnlet temperatures. V 

2" X 1 I/**-" lead-coated copper-lead bearings. C/D-O.OOlg. o 
2500 rp«. 




150 200 250 

Oil-Inlet Teaperature, oj 



Figure 21.- Chart for determining safe loads, for oils of different viscosity grade and viscosity index at various 
oil-inlet teiq>eratures. 2" xl-1/4* copper-lead bearings, C/D « 0.0018, 2500 rpm. 

On the composite scale at the left of the chart, plot a point representing the viscosity of the oil at lOO^F 2 

and the viscosity index of the oil. Plot a point representing the viscosity of the oil at 210^T and its viscosity ^ 
index on the scale at the right of the chart. Draw a straight line between these two points. This line represents 

approximately the limits of safe pressures for this oil at the various oil-inlet temperatures. ^ 
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Oil*Inlat Temperature 9 ^ 



Figure 22.* Chart for determining e^e loads for oils of different visooeity grade and ▼iscoBity index at varioua 
oil-inlet temperaturea. 8" x 1-1/4* lead-indium coated silTer bearings. O/D - 0.0018 , 2500 rpm. 

On the composite scale at the left of the chart, plot a point representing the yiscosity of the oil at 100^ 
and the viscosity index of the oil. Plot a point representing the Tiscosity of the oil at 210^F atnd its viscosity 
index on the scale at the right of the chart. Drav a straight line between these two points. This line represents 
approximately the limits of safe pressures for this oil at the various oil-inlet temperatures. 
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Oil-Inlet temperature, 



Figure 23.- Chart for determining safe loads for oils of different viscosity grade and viscosity index at various 
oil-inlet temperatures. 2" x 1-1/4" lead-coated copper-lead bearings, c/D « 0.0018, 2500 rpm. 

On the composite scale at the left of the chart, plot a point representing the viscosity of the oil at 1009F 2 

and the viscosity index of the oil. Plot a point representing the viscosity of the oil at 2100F and its viscosity ^ 
index on the scale at the right of the chaxt. Draw a straight line between these two points. This line represents 

approximately the limits of safe pressures for this oil at the various oil-inlet temperatures. S 
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FlKurt 84.- Obart for determining safe loads for bearings of different clearance using olla 
of various viscosity grades at various oil-inlet temperatures. 3" x l-l/*" oop- 
per-lead bearings, 2500 rpm. 

Plot tbe viscosity of the oil at the oil-inlet temperature under consider xtion. Draw a 
straight line between this point and the bull»8-eye at the lower left of the chart. Thia 
line defines approximately the limiting safe pressures for the clearance-diameter ratios 
when using the given oil, oil-inlet temperature, and speed. 
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.001 .002 .003 .004 

Clearance-Diameter Ratio (C/D) 

Figure 25.- Chart for determining safe locuis for bearings of different clearance using olla of 

various viscosity grades at various oil-inlet temperatures. 2" x 1-1/4" lead- 
indium coated silver beaxings, 2500 rpm. 

Plot the viscosity of the oil at the oil-inlet temperature under consideration. Draw a 
straight line between this point and the bull's-eye at the lower left of the chart. This line 
defines approximately the limiting safe pressures for the clearance-diameter ratios when using 
the given oil, oil-inlet temperature, and speed. 
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Figure 26.- Chart for determining safe loads for bearings of different clearance using oils of 

various viscosity grades at various oil-inlet temperatures. x 1-1/4" leal- 
ooatsd copper-lead beaurings, 2500 rpm. 

plot the viscosity of tbe oil at the oil-inlet temperature under consideration. Draw a 
straight line between this point and the bull»8-sye at the lower left of the chart. This line 
defines approximately the limiting safe pressures for the clearance-diameter ratios when using 
the given oil, oil-inlet temperature, and speed. 



